Abstract-We recently developed a novel method for assessment of arterial wave reflections (ARCSolver method): based on adopted Windkessel methods, flow curves are estimated from pressure waveforms, and wave separation analysis is performed, yielding the amplitudes of the forward and backward waves. The aim of this study was to investigate their clinical correlates and prognostic impact. In 725 patients (417 men; mean age, 64 years) undergoing coronary angiography, we determined wave reflections from radial tonometry and transfer function-derived aortic waveforms using pulse wave analysis, as well as wave separation analysis. Measures of pulsatile arterial function were statistically significant, although moderately associated with markers of cardiac load and subclinic cardiac, renal, and aortic end-organ damage. After a median follow-up duration of 1399 days, 139 patients reached the combined cardiovascular end point (death, myocardial infarction, stroke, coronary, cerebrovascular, and peripheral revascularization). In univariate analysis, the relative risk of the combined end point increased with increasing levels of incident pressure wave height, augmented pressure, and forward and backward wave amplitude (hazard ratio for 1 SD was 1.302, 1.236, 1.226, and 1.276; PϽ0.01 for all, respectively). In multivariate analysis, backward wave amplitude was the most consistent predictor of the combined end point. Of note, its predictive value was independent of brachial systolic, diastolic, and mean blood pressures and was superior to brachial pulse pressure. In conclusion, the amplitude of the reflected wave, as assessed with a novel method for wave separation, is associated with hypertensive end organ damage and is an independent predictor of cardiovascular events in high-risk patients. (Hypertension. 2012;60:534-541.) • Online Data Supplement Key Words: blood pressure Ⅲ pulse Ⅲ hemodynamics Ⅲ wave reflections Ⅲ wave separation analysis I n the last decades, pulsatile arterial function has been increasingly recognized as a major determinant of cardiovascular risk. Brachial pulse pressure (PP; bPP), the pulsatile component of the arterial pressure waveform, is related to the risk of coronary artery disease (CAD) in middle-aged and elderly individuals.
I
n the last decades, pulsatile arterial function has been increasingly recognized as a major determinant of cardiovascular risk. Brachial pulse pressure (PP; bPP), the pulsatile component of the arterial pressure waveform, is related to the risk of coronary artery disease (CAD) in middle-aged and elderly individuals. 1, 2 Furthermore, bPP was a predictor of cardiovascular events in CAD patients, 3 in patients with type 2 diabetes mellitus, 4 and of long-term cardiovascular mortality in a middle-aged male population with low cardiovascular risk. 5 However, although mean (MBP) and diastolic blood pressure (DBP) are relatively constant in the conduit arteries, systolic blood pressure (SBP) and PP are higher in the peripheral than in central arteries. This so-called pressure amplification is the consequence of the progressive reduction of diameter and increase in stiffness from the proximal to the distal arterial vessels and modification in the transit of wave reflections. 6 Supporting the notion that central pressures are more relevant than peripheral pressures, it has been shown in the last years that central PP (cPP) is associated more closely with left ventricular hypertrophy and carotid atherosclerosis as markers of hypertensive end organ damage than bPP in different populations. 7, 8 Finally, it has been documented in a community-based study including elderly individuals, 9 in patients with end-stage renal failure, 10 and in American Indians 8 that cPP is a better predictor of cardiovascular outcomes than brachial blood pressures.
The amplitude of the central blood pressure curve (ie, the cPP) can be understood as a combination of a forwardtraveling wave as created from left ventricular ejection and a reflected pressure wave originating from various reflection sites along the periphery. 6 Time-domain analysis of the pulse waveform (pulse waveform analysis [PWA] ) yields in a quantification of the effects of pressure wave reflection on the central arterial waveform (Figure 1 ). The amount of wave reflection, as assessed using PWA, is the main contributor to the age-associated increase in cPP during the human life span 11 and is associated with the risk of CAD 12 and with cardiovascular risk scores. 13 In high-risk populations, including those with CAD 14, 15 and end-stage renal failure, 16, 17 wave reflection, as assessed with PWA, is associated with cardiovascular risk. However, the measurements of wave reflection in PWA, augmentation index (AIx) and augmented pressure (AP), are dependent on the magnitude and also on the timing of wave reflection. To overcome this potential limitation, wave separation analysis (WSA) has been developed, using simultaneously acquired pressure and flow waves at the same location to separate the pressure wave into its forward (Pf) and backward (Pb) components ( Figure 1) . 18 Although the method has been implemented in one large-scale epidemiological study, 19 the relationship with cardiovascular disease and outcomes has not yet been established. Moreover, in clinical routine the accurate measurement of flow is time consuming and not trivial. Therefore, investigators have developed methods to estimate flow curves with the goal of quantifying pressure wave reflection, using WSA, based on measured pressure waveforms alone. 20, 21 Using the triangulation method for estimating aortic flow and WSA to calculate the amplitude of the reflected wave (Pb), one study so far has reported that Pb is an independent predictor of long-term cardiovascular mortality in men and women in a populationbased study. 22 However, a triangular flow approximation differs from physiological waveforms. 21 We, therefore, developed a novel method to estimate flow waveforms based on pressure curves (the ARCSolver method 23 ) and used these estimated flow waveforms for WSA. The aim of our present study was to investigate the relationship between Pf and Pb, as assessed with the ARCSolver method, with cardiac load, hypertensive end-organ damage, and cardiovascular outcomes in a high-risk population.
Methods
We refer to the online-only Data Supplement for an extended version of the Methods section. Only a summary is given here.
Patients
We prospectively invited 810 unselected patients undergoing coronary angiography for suspected CAD between 2004 and 2009 at our institution, a tertiary care referral cardiology department in a university teaching hospital in Wels, to participate in the study, and all but one agreed. In 20 patients, no follow-up information was available; in 44 patients, left ventricular function was severely impaired; and in 20 patients, pulse wave velocity or left atrial diameter were not available, leaving 725 patients for the analysis.
Exclusion criteria were rhythm other than stable sinus rhythm, valvular heart disease, severely impaired systolic function (left ventricular ejection fraction Ͻ35%), pericardial constriction, primary pulmonary hypertension, congenital heart disease, and unstable clinical conditions. All of the patients were studied while on regular medications (drugs were not withheld before measurements) and gave written informed consent. The study was approved by our regional ethics committee.
Hypertension was present with repeated measurements Ͼ140 mm Hg systolic and/or Ͼ90 mm Hg diastolic blood pressure or permanent antihypertensive drug treatment. Diabetes mellitus was defined as a fasting blood glucose concentration Ͼ7 mmol/L or antihyperglycemic drug treatment. Estimated glomerular filtration rate was calculated using the Modification of Diet in Renal Disease Study formula. 24 Plasma levels of aminoterminal pro-brain natriuretic peptide were measured using the commercially available electro chemiluminescence immunoassay ECLIA on the Elecsys 1020 analyzer (Roche Diagnostics GmbH, Mannheim, Germany). Current smoking was defined as having smoked the last cigarette Ͻ1 week before coronary angiography.
Coronary angiography was performed using standard techniques on a digitized monoplane or biplane coronary angiography equipment (Siemens Artis Zee with AXIOM Sensis hemodynamic recording system, Siemens Healthcare, Erlangen, Germany). For this study, we defined significant CAD as at least one 50% or greater diameter stenosis in Ն1 epicardial coronary vessel or previous coronary revascularization. The extent of CAD was defined using a modified scoring system ("angioscore").
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Echocardiography
A detailed 2D and Doppler echocardiogram according to the recommendations of the American Society of Echocardiography and the European Association of Echocardiography 25 was obtained in all of the patients immediately before or after measurement of arterial stiffness/wave reflections, using a Philips iE33 (Philips, Eindhoven, the Netherlands) system. Left atrial dimensions and left ventricular mass were indexed to body surface area. For pulsed wave tissue Doppler imaging, the sample volume was located at the septal border of the mitral annulus in the apical 4-chamber view, where we obtained early diastolic mitral annulus velocity (E=).
Arterial Pulsatile Function
Brachial blood pressure was measured with a validated, 26 automated, oscillometric sphygmomanometer (Omron M5-I, Omron Healthcare, Kyoto, Japan). Assessment of central blood pressures and arterial wave reflections was performed noninvasively with applanation tonometry of the radial artery, a validated transfer formula to generate the corresponding aortic waveform and PWA (SphygmoCor system, AtCor Medical, Sydney, Australia). 11, 12 The height of the incident pressure wave at the inflection point is denoted P1 (and is determined by the relationship between aortic impedance and left ventricular ejection), the difference from the inflection point to the maximum pressure (cSBP) is denoted AP and is the effect of wave reflection on the central blood pressure curve. The AIx is the ratio AP/cPP and can be corrected for heart rate 75. In addition, the amplitudes of the forward (antegrade; Pf) and the backward (reflected; Pb) pressure waves were quantified using WSA with the recently developed and validated ARCSolver method. Briefly, aortic pressure curves were derived from the SphygmoCor system. Aortic flow curves were estimated from these curves, based on 3 element Windkessel models, where the outflow of the left ventricle is described as a dynamic system of second order. Windkessel equations are formulated as an isoperimetric problem with a constraint to minimize hydraulic work, and mathematical solutions, pressure waveform area fitting, and a second-order linear delay element lead to the final flow shape (online-only Data Supplement and Figure S1 ). Then, WSA is performed in the frequency domain, as published previously. 18 The model was validated against the classic method of WSA, based on ECHO-Doppler derived flow curves, assessed in the left ventricular outflow tract, in 148 patients. Results showed good agreement, with a mean difference (SD) between the standard method and the ARCSolver method of 0.39 mm Hg (SD, 1.96 mm Hg) and 1.02 mm Hg (SD, 1.31 mm Hg) for Pf and Pb, respectively (Table S1 and Figure 2 ). Arterial stiffness was assessed invasively (aortic pulse wave velocity) during catheter pullback.
End Point
Primary end point was the combination of death, myocardial infarction, stroke, coronary, cerebrovascular, and peripheral revascularization. Patients were followed by contacting the patient's general practitioner, primarily with a written questionnaire, followed by a telephone interview. If a patient reached an end point, the hospital record was obtained. Information regarding mortality was obtained in addition from Statistics Austria. The ascertainment and classification of outcomes were blinded to the results of the arterial function analysis.
Statistical Analysis
All of the parametric values are expressed as meanϮ1 SD (with normal distribution) or medianϮinterquartile range (with nonnormal distribution), and categorical data are given as numbers (percentages). Normal distribution was evaluated with Kolmogorov-Smirnov test. The relationship between steady/pulsatile arterial function and measures of cardiac load/end-organ damage was established by the Pearson correlation coefficient. Cox proportional hazards modeling ("enter" method) was used for the determination of univariate and multivariate predictors of the combined end point. Measures of pulsatile arterial function were entered into the statistical models as continuous variables. Models with different levels of adjustment were constructed. From a physiological point of view, blood pressure can be divided into its steady component (MBP) and its pulsatile components. Therefore, the main analysis was performed with adjustment for MBP. However, from a pragmatic point of view, adjustment for brachial SBP and DBP, the blood pressure components physicians are most familiar with, is interesting as well, to investigate the potential additional value of novel measures of arterial function, so we report these analyses as well. Because we observed an important and expected interaction between measures of arterial function and left ventricular function, we repeated all of the analyses in patients with normal and slightly reduced systolic function (actually composed of 93% of the study population). A P value of Ͻ0.05 was considered to indicate statistical significance. Statistical analyses were performed using the Statistica 6.0 (StatSoft Inc, Tulsa, OK), as well as MedCalc 11.6 (MedCalc Software, Mariakerke, Belgium) software packages.
Results
Among our 725 study participants, 57.5% were male, 72.7% had hypertension, 19.3% had diabetes mellitus, and 41.5% were diagnosed with CAD. Mean age was 64 years (interquartile range, 55-72 years). A total of 87.9% had normal systolic function, 5.1% slightly reduced, and 7.0% moderately reduced systolic function. Brachial blood pressure was well controlled (Table 1) .
Interaction Between Pulsatile Arterial Function and Left Ventricular Systolic Function
With increasing impairment of systolic function, we observed a significant decrease of measures of wave reflection, as determined with WSA (reflection magnitude, reflection index, and Pb), that was present as a nonsignificant trend for brachial BP and for PWA-derived indices as well (Table S2) .
Arterial Function and Cardiac Load/Hypertensive End-Organ Damage
In general, MBP (the steady BP component) showed only poor or even absent correlations with cardiac load (ntaminoterminal pro-brain natriuretic peptide levels) and endorgan damage. In contrast, measures of pulsatile arterial function were statistically significant, although moderately associated with markers of cardiac load and subclinic cardiac, renal, and aortic end-organ damage. The closest correlations were observed between aminoterminal pro-brain natriuretic peptide and Pb/cPP; glomerular filtration rate and Pb; left atrial diameter and cPP; left ventricular mass and P1; diastolic function/filling pressures and cPP; and aortic stiffness (aortic pulse wave velocity) and Pf ( Table 2 ). In general, the relationship with organ damage was closer for a measure of central pulsatile hemodynamics than for the best measure of brachial pulsatile hemodynamics (bPP), although the difference was not statistically significant. When we repeated our analysis in patients with normal and only slightly impaired systolic function, correlations were somewhat stronger (Table S3) .
Cardiovascular Events During Follow-Up
After a median follow-up duration of 1399 days (interquartile range, 935-1940 days), 139 patients (19.2%) experienced a component of the combined end point: 45 patients died, 20 had a myocardial infarction, 25 had a stroke, 55 patients underwent clinically driven coronary revascularization, and 18 patients underwent peripheral or cerebrovascular revascularization. Among clinical, chemical, echocardiographic, and angiographic parameters, age; body mass index; the presence of hypertension, diabetes mellitus, and smoking; the presence and extent of CAD; previous myocardial infarction; systolic function; log aminoterminal pro-brain natriuretic peptide; left atrial diameter; E/E= ratio; and aortic stiffness (aortic pulse wave velocity) were significant univariate predictors of the combined end point, whereas sex and total cholesterol were not (Table S4) .
Pulsatile Hemodynamics and Cardiovascular Events
In contrast to MBP, which was not associated with outcome, a higher brachial SBP (HR, 1.170 per SD; Pϭ0.04) and a higher bPP (HR, 1.297 per SD; PϽ0.0001) were associated with a significantly increased risk of the combined end point in univariate analysis. Most measures of central pulsatile function, either derived from PWA (cPP, P1, AP) or from WSA (Pf, Pb), were also significantly associated with the risk of the combined end point. The highest HR was observed for P1 (HR, 1.302 per SD; PϽ0.0001).
After various steps of adjustment for MBP and relevant covariates, the association between bPP and outcome was no longer significant. In the final models, the best (and statistically significant) associations with outcome were observed for Pb (HR, 1.281 per SD; Pϭ0.046; Table 3 ). When we repeated the analysis in the 674 patients (93% of the study population) with normal and only slightly impaired systolic function, bPP remained a statistically significant predictor of the combined end point after multiple adjustments, as did all of the measures of central pulsatile arterial function, but HRs per SD for the latter were higher. Again, the best associations with outcome were observed for Pb (HR, 1.463 per SD; Pϭ0.004; Table 4 ).
When multivariable models were adjusted for brachial SBP, a similar pattern was observed: the association between bPP and outcome remained significant in only 1 of the 2 final multiple-adjusted models. The best association with outcome was observed for cPP and Pb (Table S5 ). When we repeated the analysis in the 674 patients with normal and only slightly impaired systolic function, HRs were generally higher. Again, the best associations with outcome were observed for cPP and Pb (Table S6) .
When multivariable models were adjusted for brachial DBP, a slightly different pattern emerged: the association between bPP and outcome lost statistical significance in the Values are numbers (percentages), mean (SD), and median (25-75 interquartile range). bSBP indicates brachial systolic blood pressure; bDBP, brachial diastolic blood pressure; MBP, mean blood pressure; bPP, brachial pulse pressure; cPP, central pulse pressure; AIx, augmentation index; AIx@75, augmentation index corrected for heart rate 75 bpm; AP, augmented pressure; P1, incident pressure wave height; Pf, forward wave amplitude; Pb, backward wave amplitude; ACE, angiotensin-converting enzyme.
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final multiple-adjusted models. Pb was statistically significantly associated with outcome in 1 of the 2 final models, but the best association with outcome was observed for AIx@75 (Table S7 ). When we repeated the analysis in the 674 patients with normal and only slightly impaired systolic function, HRs were generally higher. The best associations with outcome were observed for reflection index and Pb (Table S8 ).
Discussion
Our study shows that estimates of arterial pressure wave reflection, mainly Pb, the amplitude of the reflected wave, as assessed from pressure waveforms alone with the novel ARCSolver algorithm and WSA, are consistently and independently associated with measures of cardiac load, endorgan damage, and, most importantly, cardiovascular events in high-risk middle-aged and elderly patients. The relationship with outcomes is closer for central pulsatile function than for brachial pulsatile function and is independent of brachial SBP, DBP, and MBP. In particular, cPP, a global measure of pulsatile function, is more closely associated with cardiovascular events than bPP in most models. This confirms previous findings from our group 14, 27 and others 15 and is in line with the notion that central aortic pressures more accurately reflect loading conditions of the left ventricle, the coronary arteries, and the cerebral vasculature than peripheral pressures and, therefore, might better relate to cardiovascular organ damage and outcomes. 8 In addition to considering the central aortic pressure wave globally (cPP), we analyzed the waveform components related to the incident pressure wave (P1, Pf) and wave reflection (AP, Pb) separately with respect to end-organ damage and outcomes. Although measures of the incident pressure wave are more closely related to aortic stiffness (and impedance) and, in univariate analysis, to outcome than measures of wave reflection, the latter relationship changes after multivariable adjustments, leading to a better predictive value of measures of wave reflections. This may be related to previous observations that wave reflections are the main drivers of the age-related increase in cPP 11, 28 and that medication primarily affects wave reflection, without large effects on the incident pressure wave. 28 Interestingly, similar effects as in our study were apparent in the Conduit Artery Function Evaluation Study 29 : in that study, an amlodipine-based antihypertensive drug regimen was associated with a 3.8-mm Hg lower AP but with a 0.8-mm Hg higher P1 than an atenolol-based regimen (although the amlodipine-based regimen was associated with a better outcome). In univariate analysis, P1 showed the closest relationship (highest HR per 10 mm Hg) with outcome, but this was attenuated and no longer significant after multivariable adjustments. In contrast, wave reflections (AP) showed the closest association with events after multivariable adjustments.
The pathophysiological background of our findings has been discussed previously. Briefly, premature and increased wave reflections increase late systolic pressure (myocardial load) while decreasing DBP (the driving pressure for coronary perfusion), both contributing to an imbalance between myocardial oxygen demand and supply and a tendency toward ischemia. 14 This concept has been proven in humans undergoing coronary interventions, 30 where a strong inverse relationship between pulsatile arterial function (cPP and aortic stiffness) and coronary flow could be seen. In addition, the relationship between pulsatile arterial function and diastolic dysfunction 31 may be important with respect to outcomes as well. Theoretically, the quantification of wave reflection using WSA may be superior to the analysis based on PWA: the contribution of wave reflection on the central aortic waveform (AP) and its relative proportion of the central pulsatile load (AIx) depend not only on the magnitude but also on the timing of the reflected pressure waves. 20 This may complicate the interpretation of PWA-derived measures. WSA allows the quantification of the amplitudes of the traveling waves independent of their temporal relationship, which may be an advantage. However, for WSA, one needs to measure pressure and flow simultaneously, which is complex and time consuming in large-scale studies and clinical routine. Therefore, methods for estimating aortic flow have been developed, one based on a triangular wave shape 20 and one based on averaged flow waveforms. 21 For the triangulation method, one outcome study has been published so far, 22 reporting an independent association between Pb and long-term mortality. However, the triangular flow approximation may not be the best estimate for aortic flow, 21 and our ARCSolver-based method seems to be in closer agreement with the Doppler-based standard method than the triangulation (Table S1 ). When we compare the relationships between PWA-derived (AP) and WSA-derived (Pb) estimates of wave reflection and measures of left ventricular load and end-organ damage in our population, the WSA-derived Pb consistently shows closer correlations. The same is true for the relationship with cardiovascular events, where AP predicts cardiovascular events, but Pb is the most consistent predictor among all of the measures of pulsatile arterial function.
We observed a strong interaction between left ventricular systolic function and the predictive value of PWA-and WSAderived measures of pulsatile function: the associations with left ventricular load and end-organ damage were closer, and the predictive value for cardiovascular events was higher and more consistent when we performed our analyses in the 93% of the study population with normal or only mildly reduced ejection fraction. We have shown previously that PWA-derived measures strongly depend on systolic function, 32 which is in line with the concept that a weak left ventricle prematurely stops ejecting blood when faced with high afterload (wave reflection). In terms of pressure, this leads to the lack of late-systolic rise (and low values for AIx and AP). This phenomenon can also be easily seen on flow curves and leads to an abbreviation of systolic flow. 33 Therefore, PWA-derived estimates of wave reflection may have limitations in cardiomyopathy. The change in the flow curve may also explain why the ARCSolver estimate of flow, which depends on normal flow conditions, performs less well even in patients with only moderately impaired systolic function.
In addition to the dependence of measures of wave reflections on left ventricular systolic function, we also excluded patients with irregular rhythms, unstable clinical conditions, and valvular heart disease, precluding a generalization of our findings to these patient groups. In addition, although only Ͻ50% of our patients had significant CAD, they still represent a high-risk population with a rate of severe cardiovas- Model 1 was adjusted for age, sex, systolic function, mean blood pressure, and angioscore. Model 2 was adjusted for model 1 plus diabetes mellitus, smoking, hypertension, E/E=, and heart rate. Model 3 was adjusted for model 2 plus PWV aortic, previous myocardial infarction, statin use, log nt-proBNP, GFR, CAD, and medications (ACE/ARB, BB, CCB, nitrates). Model 4 was adjusted for model 3 (except E/E=) plus LV end-diastolic pressure (invasive) and LA diameter (660 patients). GFR indicates glomerular filtration rate; LA, left atrium; LV, left ventricle; PWV, pulse wave velocity; bPP, brachial pulse pressure; cSBP, central systolic blood pressure; cPP, central pulse pressure; AIx, augmentation index; AIx@75, augmentation index corrected for heart rate 75 bpm; AP, augmented pressure; P1, incident pressure wave height; RM, reflection magnitude; RI, reflection index; Pf, forward wave amplitude; Pb, backward wave amplitude; GFR, glomerular filtration rate; CAD, coronary artery disease; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker, ␤-blocker; CCB, calcium channel blocker.
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cular events (death, myocardial infarction, and stroke) of 11.4% within 4 years of follow-up. Clearly, we also cannot assume the same predictive values in younger populations with lower short-term cardiovascular risk. Finally, all of our patients were studied on regular medications, which often influence BP and wave reflections. We tried to account for this in multivariable testing.
Perspectives
We developed a novel method for quantifying arterial wave reflection based on estimated flow waves and WSA. Pb, the amplitude of the reflected pressure wave, as assessed with our novel method (ARCSolver), compares well with Dopplerderived Pb from conventional WSA. PWA-and WSAderived measures of antegrade and reflected waves more strongly correlate with left ventricular load and end-organ damage than brachial BPs. In our population of middle-aged and elderly individuals at high cardiovascular risk, measures of wave reflection are independent predictors of cardiovascular events. Pb as derived with ARCSolver-WSA shows the closest and most consistent association with outcomes among all markers of pulsatile arterial function that we studied. One important limitation is that these results may be confined to patients with normal or only slightly reduced systolic function. In essence, our results indicate that it may be feasible to derive important physiological and prognostic information regarding arterial wave reflection from pressure waveforms alone. Our algorithm can and probably should be applied to existing databases of arterial waveforms and of course to those in future trials to further investigate the prognostic value in other populations. Model 1 was adjusted for age, sex, systolic function, mean blood pressure, and angioscore. Model 2 was adjusted for model 1 plus diabetes mellitus, smoking, hypertension, E/E=, and heart rate. Model 3 was adjusted for model 2 plus PWV aortic, prior myocardial infarction, statin use, log nt-proBNP, GFR, CAD, and medications (ACE/ARB, BB, CCB, nitrates). Model 4 was adjusted for model 3 (except E/E=) plus LV end-diastolic pressure (invasive), LA diameter (616 patients). GFR indicates glomerular filtration rate; LA, left atrium; LV, left ventricle; PWV, pulse wave velocity; bPP, brachial pulse pressure; cSBP, central systolic blood pressure; cPP, central pulse pressure; AIx, augmentation index; AIx@75, augmentation index corrected for heart rate 75 bpm; AP, augmented pressure; P1, incident pressure wave height; RM, reflection magnitude; RI, reflection index; Pf, forward wave amplitude; Pb, backward wave amplitude; GFR, glomerular filtration rate; CAD, coronary artery disease; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker, ␤-blocker; CCB, calcium channel blocker.
Sources of Funding
Novelty and Significance
What Is New?
• We developed a novel method (ARCSolver) for separating blood pressure waves into their forward and backward (reflected) components. Results were validated against Doppler-echocardiography--based WSA with good agreement between both methods, and clinical correlates as well as prognostic implications were studied.
What Is Relevant?
• The amplitude of the backward pressure wave was most consistently associated with end-organ damage and cardiovascular events in patients undergoing coronary angiography.
Summary
Measures of pulsatile arterial function and wave reflection, particularly the amplitude of the backward wave, predict cardiovascular events in high-risk patients, independent of brachial blood pressures. 
ARCSolver algorithm
The amplitude of the antegrade and the reflected pressure wave was quantified, using Wave Separation Analysis (WSA) with the recently developed ARCSolver method. WSA uses pressure-and flow waves to perform frequency-domain based calculations to derive the amplitudes of the forward (Pf) and backward (Pb) travelling waves [1] . Pressure waves were transfer-function derived from radial tonometry (SphygmoCor system, AtCor Medical, Sydney, Australia) [2] , and flow waves were estimated from three-element Windkessel models. Our method describes the outflow of the left ventricle (Qm) during systole based on an externally (in this study by SphygmoCor) provided central pressure waveform (Pm) similar to a 3-element Windkessel model by the means of a dynamic system of second order. We use a linear model with continuous parameter space for arterial resistance (RC), peripheral resistance (Rp) and arterial compliance (Ca). A mathematical description is given in three steps:
(1) The Windkessel equations for (RC), (Rp) and (Ca), describes the outflow of the left ventricle based on an externally provided central pressure waveform by the means of a dynamic system using a second order ordinary differential equation. During systole the relation between pressure (p(t)), aortic root flow (q(t)) and peripheral aortic flow (x(t)) can be described as in ApEq. 1 and ApEq. 2.
q(t) = R p *C a *x'(t)+x(t) for 0 < t < ts (ApEq. 1) p(t) = R c *q(t) + R p *x(t) (ApEq. 2)
Here (R p ) is the peripheral resistance, (R c ) is the effective arterial resistance and (C a ) is the arterial compliance. The first derivative of the flow in the aorta with respect to time is denoted as (x'(t)), the end of the ejection time is marked as (t s ). When the aortic valve is closed, the outflow is modeled to be zero, which is an assumption, resulting in an mono exponential decay for (x(t)) in diastole; see ApEq. 3 and ApEq. 4, where (t d ) denotes the end of diastole, which is synonymous with the end of the cardiac cycle.
The initial value in ApEq. 4 is specified in the way that periodicity of the signal is guaranteed:
The work of the heart over one cardiac cycle can now be calculated as:
The aim is to minimize this integral (ApEq. 6) under the constraint that a certain stroke volume has to be reached:
Furthermore the following physiological boundary conditions should be fulfilled (see ApEq. 3):
This problem can be solved using the calculus of variations. Substituting (p(t)) and (q(t)) in ApEq. 6 using ApEq. 1 and ApEq. 2, the integrand can be written as a function (F=F(x,x',t) ). The isoperimetric constraint in ApEq. 7 can be incorporated to (F) using a Lagrange multiplier (µ). Hence (F) can be written as:
The solution for such a problem can be determined by the solution of the Euler-Lagrangeequation:
Since (F) contains a first derivative of (x(t)) and the Euler-Lagrange equation includes a derivation with respect to time, the result is always an inhomogeneous linear second order ordinary differential equation, see ApEq. 12. The inhomogeneity results of course from the constraint incorporated in (F).
x'' -α²*x = β (ApEq. 12)
The coefficients (α) and (β) are time-invariant but depend on several model parameters: (α=α(R c ,R p ,C a )) and (β=β(R c ,R p ,C a ,µ)). Following the theory of ordinary differential equations, the solution has the following form:
x(t) = A*e α*t + B*e -α*t + C (ApEq. 13)
Inserting the general solution of the differential equation (ApEq. 13) to ApEq. 4, ApEq.7 and ApEq.9 yields to a system of three linear equations and therefore solutions for (A), (B) and (C) that can be found uniquely. Since (V s ) is unknown, it has to be approximated by:
(ApEq. 14)
The parameters (R p ), (R c ) and (C a ) are now varied over a certain physiological range to find their optimal values to fit the given pressure waveform. As optimization criteria the area under the pressure curve is used.
As described above the proposed solution of the differential equation consists of three unknown parameters that have to be determined. But with ApEq. 4 and ApEq. 7-9 four boundary conditions were formulated. Therefore one constraint has to be omitted, and ApEq. 8 has been left out. The disadvantage of this kind of approach is that the resulting flow curve does reflect the right area of the flow curve but not reflect the real flow waveform due to the neglected initial condition ApEq. 8, which would inhibit its use for the wave separation analysis (see Figure S1 ). Once more during diastole the flow is assumed to be zero (see Figure S1 ).
Flow curves calculated with the ARCSolver method were compared with ECHO-Doppler derived flow curves, assessed in the left ventricular outflow tract, in 148 patients. The timing of the flow curve maximum (tQmax), which is crucial for the pulse wave decomposition, shows for the measured (Doppler derived) flow a mean value of 0.084 (SD 0.008) sec and 0.088 (SD 0.006) sec for ARCSolver flow. To compare the shape of the different flow curves, the maximal slope (dQmax) can serve as an indicator. For the measured flow the mean maximal slope is 1491 (SD 227) AU, and for the ARCSolver flow 1646 (SD 131) AU. With the root mean square error (RMSE), the deviation of two curves based on the difference for each data point can be measured. The mean RMSE between the measured flow and the ARCSolver flow is 4.68 (SD 1.90) AU for a peak flow of 100 arbitrary units.
(3) Transmission line theory, which is described in the next paragraph, is applied to these waveforms to assess wave reflection. To perform the separation, three variables are needed:
The measured pressure (Pm) and modeled flow (Qm) wave in the aorta and furthermore the characteristic impedance (Zc), which represents the impact of the arterial wall and therefore the relation between pressure and flow. (Zc) is estimated in the frequency domain using the modulus of the complex input impedance (Zi) calculated from the ratio of the present pressure and flow in the frequency domain. The frequencies in the range of 4 to 10 Hz are taken into account, which is a commonly used procedure [7, 8] . For higher frequencies there could be inaccuracy due to noise [2] . To minimize the influence of outliers, all input impedances greater than a factor of 3 of the median of the considered impedances, are not taken into account. Following the wave theory, the measurable pressure (Pm) in the aorta is the sum of forward (Pf) and backward (Pb) traveling waves [2] . The same is valid for the corresponding flow waves. To obtain the forward and backward going parts separately, these equations have to be transformed (Pf = 0.5 * [Pm + Zc * Qm] and Pb = 0.5 * [Pm -Zc * Qm]), in order to obtain explicit formulas for the requested parameters. Thus the calculated waves in forward and backward direction remain unchanged (see Figure S1 ). The WSA results for ARCSolver method were validated against the classical method of WSA, based on ECHO-Doppler derived flow curves, assessed in the left ventricular outflow tract, in 148 patients. In addition, both methods were compared against the method proposed by Westerhof and colleagues [7] , adopting a triangular-shaped flow waveform: The starting point of the triangle was assigned to the beginning of the data set of the corresponding pressure curve, which marked the beginning of the pressure upstroke during systole. The maximum of the triangle was set to the moment of time when the inflection point of the pressure wave was detected. For the forward pressure wave (Pf), the mean amplitude calculated from the measured 
